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Introduction {#sec1}
============

Membrane protein biogenesis is a vital and fundamental cellular process that includes membrane targeting, insertion, and assembly of 25%--30% of all proteins found in living organisms. While universal principles of the membrane protein biogenesis have been extensively investigated over the last decade and comprehensive studies have addressed molecular mechanisms of the Sec translocon in great detail ([@bib14], [@bib32]), relatively little is known about the functional mechanisms of the essential YidC/Oxa1/Alb3 membrane insertase family ([@bib37]). Either alone or in association with the Sec translocon, these conserved insertases are involved in the biogenesis of essential membrane proteins ([@bib38], [@bib40], [@bib48]). An important milestone has been recently reached, as crystal structures of YidC proteins from *Bacillus halodurans* and *Escherichia coli* have been solved ([@bib27], [@bib28]). These structures describe the organization of the membrane-embedded insertase as a conserved bundle of five transmembrane (TM) helices forming a hydrophilic groove at the cytoplasmic side ([Figure 1](#fig1){ref-type="fig"}). The groove reaches halfway to the periplasmic side and provides the path for the substrate; i.e., nascent membrane protein upon its insertion. Initial substrate recognition is believed to occur at the cytoplasmic helical hairpin CH1-CH2 that connects TM2 and TM3 in *E. coli* YidC and caps the hydrophilic groove of the idle insertase ([@bib27], [@bib28]). Deletions or mutations within CH1-CH2 lead to the loss of cellular viability ([@bib8], [@bib50], [@bib19]). Similarly, deletions within TM2 and TM3 of YidC have lethal effects on cells ([@bib23]), and these TMs have been described as the functional core of the insertase that interacts with the substrate upon its insertion ([@bib27]). The non-conserved periplasmic P1 domain found in YidC homologs in many bacteria appears to be non-essential ([@bib23]), with a remarkable exception for a conserved amphipathic helix EH1 between P1 and TM2, as deletions within EH1 render YidC non-functional both in vivo and in vitro ([@bib23], [@bib27]).

The interaction of YidC with translating ribosomes is likely to constitute an essential stage in co-translational membrane protein insertion that allows partitioning of the hydrophobic nascent chain into the membrane in a direct way. A monomer of YidC interacts with translating ribosomes both in the detergent environment and in the lipid bilayer ([@bib24], [@bib50]), thus representing the functional insertase unit. Similar to the SecYEG system, YidC specifically interacts with ribosomes that expose hydrophobic nascent chains ([@bib24], [@bib52]). The positively charged C terminus and a short cytoplasmic loop connecting TM4 and TM5 facilitate this interaction ([@bib19]), while the YidC variant lacking the C terminus (YidCΔC) is impaired in ribosome binding ([@bib24]).

Recent studies employing single-particle cryo-electron microscopy (cryo-EM) have described the architecture of the detergent-solubilized YidC in complex with translationally stalled ribosomes ([@bib42], [@bib50]). However, a structural description of the YidC-driven insertion process in the membrane has been lacking. Although several membrane proteins have been meanwhile visualized by cryo-EM in a near physiological lipid environment ([@bib17], [@bib15], [@bib18]), better structural analysis of YidC:ribosome complex has been hindered by the small size of the insertase (functional core ∼30 kDa), by the lack of structural symmetry, its high internal flexibility, and its dynamic mode of ribosome binding. Here, we set out to investigate previously unaccounted determinants of the YidC:ribosome interaction and to build the molecular model of the membrane-embedded YidC:ribosome complex based on cryo-EM and biophysical analysis. Our results demonstrate how the nascent chain and lipid properties influence the YidC:ribosome assembly and document an unexpected conformational change within YidC upon the co-translational substrate insertion.

Results {#sec2}
=======

YidC:Ribosome Interactions Are Dependent on Nascent Chain Length {#sec2.1}
----------------------------------------------------------------

For investigating YidC:ribosome interactions at the membrane interface, the recombinant YidC was purified, fluorescently labeled, and reconstituted into lipid-based nanodiscs ([@bib13], [@bib24]) ([Figure 2](#fig2){ref-type="fig"}A). For mimicking translating ribosomes, we used stable TnaC-stalled ribosome:nascent chain complexes (RNCs) ([@bib3]) that expose the subunit c of the F~1~F~o~ ATP synthase (F~o~c), a model substrate for YidC-mediated insertion ([@bib48]). The full-length RNC F~o~c-FL contained fully exposed TM1 and the following loop region ([@bib50]). Binding of the nanodisc-embedded YidC (YidC-ND) to ribosomes was assayed using fluorescence correlation spectroscopy (FCS) by measuring changes in the translational diffusion of the fluorescently labeled YidC-ND ([Figure 2](#fig2){ref-type="fig"}B) ([@bib25], [@bib51]). Measuring the diffusion time of YidC-ND upon titrating RNC F~o~c-FL allowed monitoring the formation of YidC-ND:RNC complexes and revealed the dissociation constant (K~D~) of 85 ± 10 nM ([Figure 2](#fig2){ref-type="fig"}C). YidC-ND:RNC interactions weakly depended on the membrane composition ([Figure 2](#fig2){ref-type="fig"}D), and YidC could efficiently bind RNCs when embedded either in fluid phase (DOPG, DOPE, and DOPC) or gel phase (DPPG and DPPC) lipid membranes. However, removing phosphatidylethanolamine (DOPE) lipids reduced the affinity approximately 3-fold, while reducing the content of phosphatidylglycerol (DOPG) to 20 mol % strongly promoted spontaneous YidC-independent insertion of the nascent chain ([Figure S1](#mmc1){ref-type="supplementary-material"}). Thus, for further analysis of YidC-mediated insertion 30 mol % DOPG was taken as a minimal fraction that simultaneously reflected the natural occupancy of anionic lipids in *E. coli* inner membranes ([@bib10]).

We further analyzed the efficiency of the YidC interaction with RNCs bearing shorter nascent chains, thus mimicking earlier stages of membrane protein biogenesis. To investigate the effect of nascent chain length on YidC:ribosome assembly, we generated a set of RNC F~o~c, which differed by the length of solvent-exposed F~o~c ([Figures 3](#fig3){ref-type="fig"}A and 3B). As the length of the nascent chain decreased, we observed a weaker effect of RNCs on YidC-ND mobility that reflected a decline in binding ([Figure 3](#fig3){ref-type="fig"}C). While ∼90% of YidC-ND were found in complex with RNC F~o~c-FL or F~o~c-Δ5, the value dropped to 62% for RNC F~o~c-Δ10 and further to 30% for the shortest RNC F~o~c-Δ20, which exposed only a fragment of the TM domain ([Figure 3](#fig3){ref-type="fig"}D). However, even the weakest YidC:RNC F~o~c-Δ20 interactions exceeded binding of YidC-ND to non-translating 70S ribosomes (binding below 10%) or interactions of corresponding RNCs with empty nanodiscs ([Figure 3](#fig3){ref-type="fig"}D). We conclude that YidC can recognize and bind ribosome-exposed nascent chains at early stages of translation, while binding efficiency reaches its maximum level once the nascent transmembrane domain is fully exposed outside the ribosomal tunnel.

Nascent Chain Resides at the YidC:Lipid Interface {#sec2.2}
-------------------------------------------------

Upon assembly of the YidC:RNC complex, several scenarios can be envisioned with respect to position of the nascent chain: (1) the nascent chain may reside at the extramembrane interface of YidC, such as the CH1-CH2 hairpin; (2) it can be partially inserted and docked into the central hydrophilic groove of YidC; (3) it could be fully inserted into the bilayer and retain contact with YidC; or (4) it can transiently interact with YidC for insertion and then be released into the lipid bilayer. To probe the position of the nascent chain within the formed YidC-ND:RNC complex, we used the disulphide cross-linking approach that was previously employed to analyze interactions of YidC both with co- and post-translationally inserted substrates ([@bib53]). A single-cysteine F~o~c^G23C^-FL nascent chain has been shown to cross-link with YidC^M430C^ in the detergent-solubilized state resulting in a product of ∼100 kDa. Thus, the nascent chain is positioned in proximity to TM3 after the YidC:ribosome complex has assembled ([@bib50]). The cross-linked product was also observed when YidC^M430C^ was reconstituted into nanodiscs with 30 mol % DOPG, 30 mol % DOPE, and 40 mol % DOPC lipids, and the efficiency of cross-linking depended on the position of the cysteine within the nascent chain ([Figure 4](#fig4){ref-type="fig"}A). Cysteines at positions 23 and 24 of F~o~c resulted in the cross-linked product, while no product was detected if a cysteine was introduced at a proximate position 22. As placing a cysteine at different positions within F~o~c did not influence YidC:ribosome interactions ([Figure 4](#fig4){ref-type="fig"}A), the pronounced difference in YidC cross-linking efficiencies observed between F~o~c^I22C^ and F~o~c^G23C^/F~o~c^A24C^ was likely due to a preferred orientation of the nascent chain relative to the ribosome-bound YidC. Thus, we concluded that the TM domain of the nascent chain was fully inserted into the membrane by YidC and could still be found contacting YidC in a distinct orientation proximate to TM3.

When conducting YidC:nascent chain proximity analysis, we reproducibly observed that, in spite of the high affinity of YidC-ND:ribosome complexes, the cross-linking occurred less efficiently in nanodiscs than in the detergent environment ([Figure 4](#fig4){ref-type="fig"}B). That difference could either indicate poor membrane partitioning of the nascent chain or a high degree of freedom and potential lateral diffusion of the inserted nascent chain within the nanodisc, but not within the detergent micelle. In agreement with the latter hypothesis and pointing toward structural heterogeneity, a cryo-EM reconstruction of the YidC-ND:ribosome complex in DOPG/DOPE/DOPC lipids showed no extra density for YidC-ND at the expected position close to the tunnel exit (data not shown). Thus, we set out to form a stable complex by modulating the properties of the membrane. First, we reduced the dimensions of the nanodisc by using a truncated variant of the scaffold protein, MSP1D1-ΔH5 ([@bib21], [@bib26]) ([Figure S2](#mmc1){ref-type="supplementary-material"}). The inner diameter of these nanodiscs was estimated to be approximately 6 nm ([@bib21]), and hence a YidC monomer, which has the largest dimensions at the cytoplasmic interface of ∼3 nm, would occupy ∼25% of the surface area, and thus still allow for putative conformational dynamics and insertion of the substrate nascent chain. Second, we reduced the fluidity of the lipid bilayer by using gel phase lipids (DPPG/DPPC), which supported YidC:ribosome complex assembly ([Figure 1](#fig1){ref-type="fig"}D). To that end, cross-linking of the F~o~c^G23C^-FL nascent chain to YidC was substantially enhanced when using the modified system ([Figure 4](#fig4){ref-type="fig"}B), and the greater occupancy was likely due to reduced lateral diffusion in the gel phase membrane. Remarkably, efficient YidC:ribosome complex assembly (K~D~ ∼200 nM) and cross-linking to YidC was also observed for the shorter nascent chain F~o~c^G23C^-Δ10 ([Figures 4](#fig4){ref-type="fig"}C and 4D), indicating that the hydrophobic TM domain could be inserted into the bilayer at early stages of F~o~c biogenesis.

Structure of the YidC-ND:RNC Complex {#sec2.3}
------------------------------------

Current knowledge of the YidC:ribosome complex architecture is largely based on cryo-EM structures observed in the detergent environment ([@bib42], [@bib50]). As detergents are known to greatly affect interactions of ribosomes with YidC ([@bib24]), we set out to study the YidC:ribosome structure in near physiological lipid membranes of nanodiscs. To ensure a tight docking of the ribosome on the insertase and to reduce YidC-independent spontaneous partitioning of the nascent chain, a truncated variant of the nascent chain, F~o~c-Δ10, was employed, and DPPG/DPPC lipids were used to form YidC-containing nanodiscs. This YidC-ND:RNC was subjected to cryo-EM and single-particle analysis for structure determination. In silico sorting yielded a stable subset of particles ([Figure S3](#mmc1){ref-type="supplementary-material"}), and the reconstruction showed a density both for tRNA in the ribosomal P-site and an additional density at the tunnel exit for YidC-ND ([Figure 5](#fig5){ref-type="fig"}A), which was refined to 3.8 Å resolution for the large ribosomal subunit and 4.5 Å, for the complex with YidC-ND ([Figure S3](#mmc1){ref-type="supplementary-material"}). The intrinsic flexibility of ligands at the ribosomal tunnel was reflected by a lower local resolution for parts of the nanodisc ([Figure S4](#mmc1){ref-type="supplementary-material"}A).

The conserved domain of YidC (EH1-TM2...TM6) was fitted in the prominent density in the core of the nanodisc ([Figures 5](#fig5){ref-type="fig"}B and [S4](#mmc1){ref-type="supplementary-material"}; [Experimental Procedures](#sec4){ref-type="sec"}). In the resulting model, the C-terminal part of YidC; i.e., TM4, TM5, and TM6, is almost identical to that in the crystallized idle form of YidC and also the detergent-solubilized YidC:RNC complex ([Figure 5](#fig5){ref-type="fig"}C). In contrast, the functionally important helices EH1, TM2, and TM3 undergo obvious rearrangements upon ribosome binding and the nascent chain insertion compared to the idle state. In our model, transmembrane helices TM2 and TM3 appear tilted by 9° and 20°, respectively, so the central groove widens substantially, while the amphipathic helix EH1 shifts from the membrane interface into the apolar membrane core. The cytoplasmic side of TM3 is the least resolved element of YidC, which agrees with its high B-factor values observed in available crystal structures ([@bib27]). An additional helical density was observed close to TM3 and TM5 at the interface of the YidC and the lipid environment ([Figure 5](#fig5){ref-type="fig"}B). In agreement with the cross-linking analysis ([Figure 4](#fig4){ref-type="fig"}) and previous cryo-EM reconstructions ([@bib50]), this density has been assigned to the membrane-inserted part of F~o~c. Differently from the earlier study, which trapped F~o~c at the periphery of YidC ([@bib50]), in our structure, the newly inserted TM domain is located at the exit of the hydrophilic groove of YidC. The F~o~c TM is being held by a pincer-like grip of YidC TM3 and TM5, thus representing an earlier insertion state.

The cryo-EM reconstruction shows two contact points between YidC and the ribosome, which could be interpreted on the basis of the insertase model ([Figure S4](#mmc1){ref-type="supplementary-material"}D). YidC TM6 is positioned in close proximity to ribosomal H59, with a strong connecting density in between, that has been assigned to the C-terminal tail of YidC that builds a primary contact with the ribosome ([@bib24], [@bib42]). Another contact site is resolved between ribosomal proteins L23/L29 and YidC TM4-TM5 positioned underneath, and the short loop that connects these two TMs has recently been shown to modulate ribosome binding ([@bib19]). Additionally, we observe an extension at the ribosomal protein L24, which is large enough to fit up to three α-helical turns. Although no strong connection to the YidC core is resolved, the extension could be assigned to the part of the CH1-CH2 helical hairpin, the only cytoplasmic element missing in our model. In the idle state of YidC, the hairpin shields the central groove from the substrate access and would also sterically prevent the ribosome binding. When laterally shifted toward the L24 protein, the hairpin opens the path for the nascent chain, while not interfering with YidC:ribosome contact sites. The hairpin has previously been suggested to interact with the H59 RNA loop via residues Tyr-370 and Tyr-377 ([@bib50]). Though being lethal ([@bib50]), double mutation of these aromatic residues to alanines did not inhibit RNC F~o~c binding ([Figure S4](#mmc1){ref-type="supplementary-material"}E), thus questioning the role of the hairpin in ribosome binding.

Conformational Dynamics of YidC {#sec2.4}
-------------------------------

The conformational difference of YidC between the idle and the ribosome-bound/inserting states observed here is mostly due to the tilting of TM2 and TM3 and the accompanying shift of the amphipathic helix EH1 toward the center of the membrane ([Figures 5](#fig5){ref-type="fig"}C and [6](#fig6){ref-type="fig"}A). EH1 has been described as an essential part of YidC, as deletions in this region generated a lethal phenotype and inhibited YidC-mediated membrane insertion ([@bib23], [@bib27]). In agreement, we observed that removing a single helical turn (sequence LWFI) at the N-terminal end of EH1 had a strong suppressive effect on cell growth ([Figure 6](#fig6){ref-type="fig"}B), even though the ribosome binding in vitro was not affected. In the crystal structures of bacterial YidC, as well as that of a putative archaeal YidC homolog ([@bib5]), the EH1 helix appears at the membrane interface, with its N-terminal end slightly tilted toward the bilayer core. However, the YidC EH1 helix is largely hydrophobic and contains two solvent-oriented lysines ([Figure S5](#mmc1){ref-type="supplementary-material"}A), which when snorkeling ([@bib45]), may allow the helix displacement toward the membrane core.

Statistical analysis on co-evolution of individual pairs of residues within a protein has recently provided a valuable tool to predict protein structure and dynamics, as a correlation between distant mutations often reflects residue contacts within the protein tertiary structure ([@bib12], [@bib31]). Remarkably, several evolutionarily coupled residue pairs between EH1 and TM2; i.e., V351-I360, I347-I360, L343-I364, L344-S357, and I347-I364, are found among the highest scoring pairs within the protein (GREMLIN Server: <http://www.openseq.org/ecoli.php?uni=P25714>; [Table S1](#mmc1){ref-type="supplementary-material"}), thus forming the most conserved region within the YidC structure and building a continuous coupling interface ([Figures 6](#fig6){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}B), which is usually indicative of close physical proximity of domains. Notably, in the crystallized idle state of YidC, the distances between some of these paired residues are at the upper limit (7--8 Å for Cβ-Cβ atoms; [Table S1](#mmc1){ref-type="supplementary-material"}). As co-evolutionary couplings have an intrinsic power to reflect both static and dynamic protein interactions ([@bib43]), those contacts between EH1 and TM2 are potentially fulfilled in another conformation of the insertase. Indeed, in our cryo-EM model, they reside within an optimal range (below 7 Å; [Figure 6](#fig6){ref-type="fig"}A), suggesting that these paired residues approach each other in the RNC-bound form YidC.

To probe the potential dynamics of the EH1 helix and to test the structural model of ribosome-bound YidC, we introduced IANBD, an iodoacetamide derivate of the nitrobenzoxadiazole fluorophore, within EH1 ([Figures S5](#mmc1){ref-type="supplementary-material"}D and S5E). As the fluorescence of IANBD increases in a hydrophobic environment, we reasoned that it could serve as a sensor for polarity of the EH1 moiety and report on the putative RNC-induced displacement of the helix toward the lipid membrane core. Microscale thermophoresis (MST) ([@bib41]) analysis on IANBD-labeled YidC-ND showed pronounced changes in the MST response upon titrating RNC F~o~c, but not non-translating 70S ribosomes, providing with dissociation constants in the range 50--100 nM ([Figures 6](#fig6){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}). The environment-sensitive emission of IANBD was then measured for YidC in its free and RNC-bound states to probe the dynamics of the EH1 helix ([Figures 6](#fig6){ref-type="fig"}D and [S5](#mmc1){ref-type="supplementary-material"}F). Only minor changes ranging from −5% to 5% were observed for IANBD at positions 269, 346, and 430, suggesting that the environment of these residues was barely affected upon RNC binding ([Figure 6](#fig6){ref-type="fig"}E). In contrast, a pronounced response was observed for IANBD at positions 334 and 342 of EH1, as the dye fluorescence increased 15 to 25% upon addition of RNCs, but not of empty 70S ribosomes ([Figures 6](#fig6){ref-type="fig"}D and 6E). Remarkably, the fluorescence change was sensitive to the net charge of EH1, as only minor increase in IANBD fluorescence was observed for the YidC^W334D^ mutant upon RNC F~o~c-Δ5 binding ([Figure 6](#fig6){ref-type="fig"}E, inset), while the RNC F~o~c binding or cellular viability were not affected ([Figures S5](#mmc1){ref-type="supplementary-material"}D and S5G). The net change-dependent increase in the fluorescence emission within EH1 suggested a transition of the helix toward the hydrophobic core of the membrane and thus experimentally supported the concept of the YidC conformational change as derived from the cryo-EM of the YidC:ribosome complex.

Discussion {#sec3}
==========

Molecular mechanisms of membrane protein biogenesis have been extensively studied over the last decade with a primary focus on functional dynamics of dedicated insertion machineries, the Sec translocon, and YidC-type insertases. Crystal structures of the YidC insertase in the membrane-mimetic environment ([@bib27], [@bib28]), together with a cryo-EM-based structure of YidC:ribosome complex in detergent ([@bib50]), revealed the molecular architecture of the insertase and have been used to suggest its functional mechanisms. Here, we employed YidC embedded within a lipid bilayer to explore the molecular determinants of the YidC:ribosome assembly and to reveal the structure of ribosome-bound YidC in the near physiological environment.

While incorporation of YidC into lipid bilayers stimulates interactions with translating ribosomes ([@bib24]), we observed that YidC:ribosome binding depends only marginally on the particular lipid composition of tested model membranes. Thus, the recognition and initial assembly of the complex are likely determined by interacting surfaces of the ribosome, the nascent chain, and YidC, while the physical properties of the membrane environment fine-tune the interaction. However, our analysis on spontaneous and YidC-mediated insertion highlights the role of YidC in membranes rich of anionic lipids, thus pointing to the necessity of YidC-type insertases in bacterial and mitochondrial membranes, which contain large fractions of phospatidylglycerol and cardiolipin lipids. Further, fluidity of the bilayer plays an important role in the downstream insertion and release of the nascent chain, as the cross-linking efficiency for YidC:nascent chain was substantially increased in gel phase membranes. Our analysis further shows that the YidC insertase is capable to recognize and insert relatively short hydrophobic domains of 15 amino acids emerging from a ribosome, but a specific investigation will be required to characterize the interplay between the nascent chain, YidC, and targeting factors, such as the signal recognition particle and its receptor ([@bib16], [@bib47]).

Our cryo-EM structural analysis has provided a view on the architecture and dynamics of the YidC:RNC complex at near physiological conditions. The suggested structural model correlates with the previous study of the detergent-solubilized YidC:RNC complex ([@bib50]). In both environments, the C-terminal end of monomeric YidC interacts with the ribosomal RNA H59 and the short interhelical loop 4--5 of YidC builds a contact with L23/L29 ribosomal proteins. Also the position of the nascent chain egressing between YidC TM3 and TM5 is remarkably similar between two structures. However, the detergent-solubilized YidC core was described as a bundle of helices perpendicular to the membrane plane, while diverse tilts are observed in the membrane-based crystal structure and further tilting is described by our YidC-ND:RNC model. One explanation for the observed differences would be the low resolution of the previous cryo-EM study, which has been now improved by using a direct electron detector. Alternatively, different tilts of TM helices could be caused by the molecular environment, as the lateral forces built by lipidic cubic phases or the lipid bilayer within nanodiscs are very different from those in detergent micelles ([@bib11]). Further, in our model, the essential CH1-CH2 hairpin of YidC is positioned in proximity to the ribosomal protein L24. The strong electron density earlier observed at the interface of detergent-solubilized YidC and ribosomal H59 and interpreted as the CH1-CH2 hairpin could be rather assigned to the 100 amino acid (aa) long and potentially structured C-terminal end of the YidC variant used in the previous study ([@bib50]).

The model of the YidC:ribosome complex suggests a large conformational change occurring in the membrane core of the insertase. While the C-terminal domain of YidC (TM4--TM6) resides normal to the membrane plane and determines ribosome binding, the N-terminal helices TM2 and TM3 tilt within the membrane plane by up to 20°. When compared to its idle state ([@bib28]), the structure of the ribosome-bound YidC appears to be more open at the periplasmic side, so the polar N-terminal end of the nascent chain may be translocated somewhat orthogonally to the membrane plane, rather than via the "sliding" mechanism ([@bib27]). The tilting of the TM2--TM3 pair is accompanied by relocating of the amphipathic EH1 helix into the hydrophobic membrane core. Though limited by the apparent flexibility and overall resolution ∼10 Å, the structural model of the RNC-bound YidC is strongly supported by bioinformatics, and the biophysical analysis validated the proposed dynamic behavior of the YidC EH1 helix upon the nascent chain insertion. Interestingly, similar membrane relocating had been recently described for the amphipathic helix of the TatA subunit of the twin-arginine translocon, where the biophysical analysis in model membranes has been supported by an NMR-based structure ([@bib6], [@bib36]). Although EH1 of YidC has been suggested to reside at the membrane interface upon post-translational insertion ([@bib22]), the dynamics of YidC upon ribosome binding and co-translational insertion observed here is clearly different.

For the observed dynamics of the essential YidC EH1 helix, we consider several hypotheses regarding its functional significance. The displacement of EH1 toward the membrane core is likely to cause further thinning of the lipid bilayer that could stimulate nascent chain insertion ([@bib50]). However, the close contacts of EH1 to the TM2/TM3 pair, together with the apparent length requirements of EH1, suggest that the helix may act as an intramolecular mechanical lever that coordinates a concerted movement resulting in tilting of TM3. This, in turn, may trigger release of the nascent chain from the polar core of YidC into the lipid environment due to a distortion of YidC's hydrophilic groove. In another scenario, binding of the ribosome and displacement of the helical hairpin CH1-CH2 may itself cause the conformational change within the insertase to allow the passage of the nascent chain into the lipid moiety. Here, it would be desirable to trap and visualize an insertion intermediate upon initial interaction with the hydrophilic core of YidC before partitioning into the lipid bilayer, so the dynamics of YidC over the whole functional cycle could be studied.

Experimental Procedures {#sec4}
=======================

YidC Preparation {#sec4.1}
----------------

YidC overexpression plasmid pEM183 is based on pBAD-TOPO-TA (Thermo Fischer/Invitrogen) and encodes for full-length *E. coli* YidC in which the structurally disordered segment 206--215 ([@bib30]) has been replaced by eight histidine residues, resulting in an internal His~10~-tag. Further point mutations and deletions within YidC were conducted via conventional molecular biology techniques, and resulting gene products were validated by sequencing (Eurofins Genomics). Recombinant YidC variants were expressed, purified, and optionally labeled following previously described protocols ([@bib24], [@bib50]) with minor modifications. *E. coli* ER2566 strain (New England Biolabs) was used for YidC overexpression upon induction with 0.2% arabinose at 37°C for 2 hr. Total membranes were isolated upon cell lysis and a sedimentation step. For YidC purification, the total membranes were solubilized in 1% Cymal 6, 300 mM NaCl, 200 μM TCEP, and 50 mM HEPES pH 7.2 and incubated with TALON beads (Clontech) at 4°C in presence 10 mM imidazole. Beads were washed with 40 mM imidazole to remove weakly and non-specifically bound proteins, and 300 mM imidazole was used to elute YidC. Optionally, prior to the elution step, single-cysteine variants of YidC were incubated with either 200 μM Alexa Fluor 488-C~5~-maleimide or 400 μM NBD iodoacetamide (both Thermo Fischer/Molecular Probes) to achieve site-specific fluorescent labeling. All chemicals were purchased from Merck Millipore, Roth, or Sigma-Aldrich. Detergents were purchased from Affymetrix and Anatrace and solvent-solubilized lipids from Avanti Polar Lipids.

Nanodisc Preparation {#sec4.2}
--------------------

MSP variants were expressed and purified as previously described ([@bib24], [@bib35]). Prior to nanodisc assembly, lipids were destabilized with 0.5% Triton X-100, and DPPG/DPPC lipids were additionally incubated at 41°C. Nanodisc assembly was initiated by mixing YidC, MSP variants, and lipids at experimentally adjusted ratios, and detergents were removed by overnight incubation with Bio-Beads SM-2 sorbent (Bio-Rad). "Empty" and YidC-loaded nanodiscs were separated by size-exclusion chromatography on a Superdex 200 10/300 column (GE Life Sciences) in 150 mM KOAc, 5 mM Mg(OAc)~2~, and 25 mM HEPES pH 7.2. For studying spontaneous insertion of F~o~c into lipid-loaded nanodiscs, designed lipid mixtures were supplemented with 2% DOPE-Atto 488 fluorescent lipid derivative (ATTO-TEC GmbH). When necessary, nanodiscs were concentrated using Amicon Ultra Centrifugal Filters, MWCO 30 kDa (Merck Millipore).

A truncated variant of the major scaffold protein, MSP1D1-ΔH5, was designed according to a previous report ([@bib21]) by removing the region that encodes for the fifth helical domain (sequence PLRAELQEGARQKLHELQEKLS). Upon using the truncated MSP variant, the outer diameter of the nanodisc decreases by 13% from 9.7 nm to 8.4 nm, as previously determined in EM experiments ([@bib21]). Reduced dimensions of nanodiscs were validated in FCS measurements: The diffusion co-efficient of the truncated nanodisc increased by 12% from 49 ± 3 cm^2^/s to 55 ± 4 cm^2^/s ([Figure S2](#mmc1){ref-type="supplementary-material"}), thus being inversely proportional to the diameter of the disc.

RNC Preparation {#sec4.3}
---------------

Translation-stalled RNCs were derived from the previously described construct F~o~c-FL ([@bib50]), which nascent chain total length (including the C-terminal HA tag and the stalling TnaC sequence) closely matched the length of the fully synthesized F~o~c protein (82 aa versus 79 aa, respectively). The F~o~c fragment was further stepwise shortened from its C-terminal end resulting in nascent chains lacking 5 ("F~o~c-Δ5", deleted sequence QPDLI), 10 ("F~o~c-Δ10", EGAARQPDLI), and 20 ("F~o~c-Δ20", GIGILGGKFLEGAARQPDLI) amino acids. RNCs were expressed and purified via metal-chelating chromatography using Ni^+^-NTA beads (Clontech) as previously described ([@bib4], [@bib50]). For better mimicking naturally occurring YidC substrates, 3C protease was used to remove N-terminal hexahistidine tags from the nascent chains after the affinity chromatography step, and 70S RNCs were subsequently isolated from 10%--40% linear sucrose gradients. At the final step RNCs were pelleted and resuspended in 150 mM KOAc, 5 mM Mg (OAc)~2~, 0.03% DDM, and 25 mM HEPES pH 7.2 at concentration 3--5 μM and stored at −80°C.

Chemical Cross-Linking {#sec4.4}
----------------------

Nanodisc-reconstituted YidC variants (approximately 1 μM) containing a single cysteine at position 430 in TM3 were incubated for 10 min at 30°C with 100 nM RNC F~o~c containing a cysteine within the TM domain of the nascent chain. Fresh copper phenanthroline was added to concentration of 1 mM to induce cross-linking and the reaction was conducted for 20 min at 24°C. Optionally, formed disulphide bonds were reduced by adding 15 mM DTT and incubation at 30°C. For characterizing the cross-linking efficiency, reactions were loaded on non-reducing SDS-PAGE and the nascent chain in its free or cross-linked states was detected upon western blotting against the HA tag ([@bib50]).

Fluorescence Correlation Spectroscopy {#sec4.5}
-------------------------------------

FCS measurements were conducted using a home-built setup ([@bib9]) as previously described ([@bib19]), using fluorescent markers conjugated either to YidC or DOPE lipids. Each individual measurement was conducted for 100 s, so data from ∼100,000 to ∼300,000 diffusing molecules (average residence time ∼300 μs) were accumulated to build an auto-correlation trace, and each measurement was repeated at least three times. Association of the YidC-ND (radius ∼5 nm) with RNC F~o~c (radius ∼13 nm) slowed the translational diffusion of nanodiscs and prolonged their average residence time within the laser confocal volume of the FCS setup ([@bib24], [@bib19]), so YidC-ND:ribosome interactions caused a shift of the auto-correlation curve along the time axis. Binding efficiencies were estimated from two-component fitting of auto-correlation traces, and diffusion coefficients/residence times of free nanodiscs and ribosomes were measured and used as parameters for fitting as previously described ([@bib24], [@bib51]). For estimating the YidC:RNC affinity, RNCs were titrated within a specified range of concentrations, and for each RNC concentration the apparent residence time of YidC-ND was measured and normalized by the residence time of free YidC-ND. The measured dependence between normalized residence times and RNC concentrations was fitted with the single binding isotherm equation to estimate the dissociation constant.

Cryo-Electron Microscopy {#sec4.6}
------------------------

For cryo-EM studies, 100 nM RNC F~o~c-Δ10 were mixed with approximately 5-fold excess of pre-concentrated YidC^M430C^-ND and 0.05% fluorinated octyl-maltoside (FOM) was added prior to loading the sample on the grid, as it has been described to stimulate uniform orientation of nanodiscs on the carbon-coated grids ([@bib15]), while being non-disruptive for lipid bilayers ([@bib33]). FCS measurements verified that FOM did not cause aggregation of lipid-based nanodiscs, and the YidC:ribosome complex was not affected. Samples were applied to carbon-coated holey grids according to standard methods ([@bib49]). Direct electron detector Falcon II (FEI Company) was used for data acquisition with a final pixel size of 1.084 Å on the object scale. Micrographs were collected on FEI Titan Krios transmission electron microscope operating at 300 kV under low-dose conditions of 2.4 e^−^/Å^2^ per frame, nine frames in total. CTFFIND3 was used to determine defocus values and to estimate the resolution ([@bib29]), while introducing a 5 Å resolution cutoff. Collected micrographs were further visually inspected to exclude aggregates or ice crystals. Single particles were picked from final 1,792 micrographs using the automated SIGNATURE software ([@bib7]) using ten representative projections of a 70S ribosome as references. Initial alignment of 3× binned data was performed using the SPIDER software package ([@bib44]), providing an empty 70S ribosome as a reference, and resulted in a ribosome with strong densities for tRNA and a nanodisc. The alignment of the data set was further refined and non-ribosomal particles were removed upon SPIDER-based sorting, resulting in a data set of 144,976 ribosomal particles. These particles were extracted with Relion software ([@bib39]) and further processed using the FREALIGN v9.11 software ([@bib20]). All sorting steps were carried out on 3× binned data. Initial sorting into five classes allowed us to discard both 50S subunits and ribosomes bound to additional factors. Further sorting using a 3D mask covering the 50S subunit and the disc allowed us to discard ribosomes with weak densities for the nanodisc and ribosomes with a strong orientation bias. The alignment of the remaining 42,658 RNC:nanodisc particles was refined using unbinned data, reaching the final resolution FSC~0.143~ = 3.8 Å for the large ribosomal subunit and 4.5 Å for the complex with YidC-ND, as measured by the Relion software. The map used for YidC structure refinements was B-factor sharpened using bfactor.exe of the FREALIGN distribution and filtered to 7 Å.

Helical densities corresponding to TM helices of YidC and the inserted nascent chain were separated from the unstructured and fuzzy density of the surrounding lipids of the nanodisc. The YidC crystal structure of *E. coli* was fitted into strong densities in proximity to the ribosomal tunnel. The C-terminal part of YidC (TM4--TM6) was placed as a rigid body into helical densities that extend from the membrane to form contacts with the ribosomal protein L23/L29 and the RNA loop H59. The initial fit was further improved by adjusting positions of N-terminal helices EH1, TM2, and TM3 individually: TM2 and TM3 were tilted within the membrane plane and an additional vertical shift was introduced for the amphipathic helix EH1. In comparison to the functional core of the protein, the extramembrane part of YidC was poorly resolved, in agreement with higher B-factor values observed in crystallographic studies ([@bib28]) and earlier cryo-EM analysis conducted in the detergent environment ([@bib42], [@bib50]). High flexibility of the periplasmic P1 domain that connects TM1 to the conserved core might contribute to the diffuse and unresolved density for both entities. The N-terminal transmembrane fragment of F~o~c (residues LYMAAAVMMGLAAIGAAIGIG; PDB ID: [1C99](pdb:1C99){#intref0015}; [@bib34]) was fitted to the additional rod-like density at the YidC:lipid interface. YidC model was further refined using Phenix software ([@bib1]). To test the validity of the built model, FSC between the experimental volume and the map of the model created with pdb2mrc command in EMAN2 ([@bib46]) was calculated using Relion.

IANBD Fluorescence and Analysis {#sec4.7}
-------------------------------

IANBD, whose structure closely mimics the tryptophan side chain, was introduced at non-conserved positions of Trp-334, Lys-342, or Trp-346 within the EH1 helix ([Figure S5](#mmc1){ref-type="supplementary-material"}). Alternatively, IANBD was conjugated either at the membrane-embedded position 430 or the solvent-exposed position 269 within the P1 domain. IANBD-labeled YidC variants were reconstituted into lipid-based nanodiscs containing 35 mol % DPPG and 65 mol % DPPC and the fluorophore emission spectra were recorded using FluoroMax-2 spectrophotometer (HORIBA Jobin Yvon) at 22°C. The excitation wavelength was set to 470 nm and the emission spectra were recorded between 500 and 600 nm. YidC^IANBD^-ND was diluted to ∼30 nM and mixed with either RNC F~o~c-Δ5, non-translating 70S ribosomes, or the corresponding volume of ribosome-free buffer. Background ribosome-related scattering was accounted for by recording the spectra in absence of YidC-ND and subtracting that from the IANBD spectra. The change in IANBD fluorescence caused by interactions with ribosomes was derived by calculating a difference between the spectra in presence and absence of ribosomes and the values at 540 nm were used to calculate the relative change.

Microscale Thermophoresis {#sec4.8}
-------------------------

MST measurements on YidC^IANBD^-ND:RNC F~o~c-Δ5 were conducted following the conventional experimental scheme. Briefly, series of RNC titration from 500 nM to 2 nM were prepared and mixed with equal volumes of YidC^IANBD^-ND, so the final concentration of YidC was approximately 30 nM. After 5 min incubation at 24°C, samples were loaded in "Premium" coated capillaries (NanoTemper Technologies) and subjected to the MST analysis. Stability of YidC-ND was evaluated by performing capillary scanning before and after the measurements. Stability of RNCs was evaluated in independent measurements using Alexa Fluor 488-labeled ribosomes ([@bib2]). Experiments were conducted using a Monolith NT.115 instrument (NanoTemper Technologies) at 24°C and employing the blue LED illumination. Infrared laser power was set to 20%, 40%, or 60% and data recorded at 40% was used for further analysis.
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![Structure of *E. coli* YidC Membrane Insertase\
(A) Structure of YidC in its idle state (PDB ID: [3WVF](pdb:3WVF){#intref0030}; [@bib28]). The essential core of the protein is rainbow colored with domains indicated. The periplasmic domain P1 is shown in gray in the side view and removed in the top view for clarity. A putative insertion path of the nascent chain via the central groove is indicated with a dashed line.\
(B) Primary structure of *E. coli* YidC with positions of structural domains indicated. The color coding for domains is the same as in (A). The regions absent in the crystal structure are highlighted in gray. The cytoplasmic CH1-CH2 hairpin is shown with dashed bars. The positions of alanine residues introduced within TM2-CH1 helices are indicated and highlighted in yellow. The positions of cysteine residues introduced for fluorescence and cross-linking analysis are indicated and highlighted in red. The deletion EH1-Δ within the EH1 helix is underlined with a dashed line.](gr1){#fig1}

![YidC:Ribosome Interactions in Lipid-Based Nanodiscs\
(A) Isolation of YidC-ND complexes via size-exclusion chromatography. Due to the size difference, YidC-ND (marked with asterisk; elution volume ∼14 mL) elute prior to lipid-loaded, empty nanodiscs (elution volume ∼15 mL), so they could be separated from the co-reconstitution reaction (red line). The dashed line shows the elution profile of empty nanodiscs. SDS-PAGE confirms the co-elution of YidC and MSP as constituents of nanodiscs (top).\
(B) FCS-based assay of YidC-ND:ribosome interactions. Fluorophore-conjugated YidC molecules diffused through the illuminated confocal volume with the lateral size ω~0~ and the vertical size *z*~*0*~. The average residence time within the focal volume (τ~D~) determined from the auto-correlation curve is in inverse proportion to the diffusion coefficient *D* of YidC that is determined by the hydrodynamic radius of the molecule. The size estimates for free and ribosome-bound YidC-ND are shown.\
(C) FCS-based affinity measurement of YidC^D269C,\ AF488^-ND to RNC F~o~c-FL in DOPG/DOPE/DOPC-based nanodiscs.\
(D) Affinity of the YidC-ND:RNC F~o~c-FL complex at different membrane compositions (average + SD).\
(E) FCS-based affinity measurements for YidC-ND:RNC F~o~c-FL using either full-length YidC or truncated YidCΔC variant reconstituted into nanodiscs with gel phase lipid membranes (35 mol % DPPG and 65 mol % DPPC). Only weak binding was measured for the YidCΔC variant ([@bib24], [@bib19]) that lacks the positively charged C-terminal tail confirming YidC-mediated ribosome binding. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![The Nascent Chain Length Determines YidC:Ribosome Interactions\
(A) The set of F~o~c nascent chains mimicking early stages of the protein synthesis. The reduction in length is achieved by stepwise shortening the cytoplasmic domain of F~o~c ("Inside") and for F~o~c-Δ20, first transmembrane domain ("TM domain").\
(B) SDS-PAGE (left) and western blot (right) of newly designed RNCs. The N-terminal hexahistidine tag at the nascent chains was removed via 3C protease cleavage during the RNC purification.\
(C) FCS auto-correlations traces of YidC^D269C, AF488^-ND upon interactions with different RNC F~o~c constructs.\
(D) Binding efficiency of YidC-ND to 150 nM RNCs and non-programmed ribosomes as determined from FCS (solid bars, average + SD). The binding efficiency of empty ND to RNCs due to the spontaneous membrane insertion of the nascent chain is shown by striped bars.](gr3){#fig3}

![YidC-Mediated Membrane Insertion of the Nascent Chain\
(A) Left: binding efficiency of YidC-ND to RNC F~o~c-FL measured by FCS is not affected by a single-cysteine mutation within the nascent chain (average + SD). The efficiency of the cross-linking between the F~o~c-FL nascent chain (NC) and YidC^M430C^-ND strongly depends on the position of the cysteine in the nascent chain (right). The YidC-ND was formed using 30 mol % DOPG, 30 mol % DOPE, and 40 mol % DOPC.\
(B) Gel phase membrane lipids (DPPG/DPPC; "16:0") within nanodiscs enhance YidC^M430C^:F~o~c^G23C^-FL cross-linking compared to fluid phase membrane lipid (DOPG/DOPE/DOPC; "18:1").\
(C) FCS-based affinity measurements of YidC^AF488^-ND to RNC F~o~c-Δ10 in DPPG/DPPC gel phase membranes.\
(D) Efficient cross-linking between YidC^M430C^ and F~o~c^G23C^-Δ10 nascent chain shows that the short nascent chain can be inserted in DPPG/DPPC-based membranes.](gr4){#fig4}

![Cryo-EM Reconstruction of the YidC-ND:RNC F~o~c Complex\
(A) Electron density of the YidC-ND:RNC F~o~c-Δ10 complex, with 30S ribosome subunit in yellow, 50S in gray, tRNA and the F~o~c-Δ10 nascent chain (NC) in cyan, YidC in red, and the DPPG/DPPC-based nanodisc in transparent orange. The reconstructed density was low-pass filtered at 7 Å.\
(B) Molecular model of the RNC-bound YidC inserting the F~o~c nascent chain (cyan) into the membrane. The individual helices of YidC are indicated in the top view (right). The positions of cross-linking residues within YidC (position 430) and F~o~c (position 23) are shown in red.\
(C) Conformational dynamics of YidC. The RNC-bound YidC (shown in colors) is overlaid on the reference crystal structure (PDB ID: [3WVF](pdb:3WVF){#intref0035}). The TM2, TM3, and EH1 helices undergo the largest shifts upon the ribosome binding and the nascent chain insertion. The cytoplasmic helical hairpin CH1-CH2 is suggested to shift laterally (black arrow) to open the central groove for the nascent chain insertion. See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![Structural Dynamics of YidC upon Membrane Protein Insertion\
(A) The displacement of YidC amphipathic helix EH1 into the membrane upon RNC binding alters intramolecular distances between EH1 and TM2 helices (colored bars). A subset of evolutionary coupled residues in EH1 and TM2 achieve close contact in the RNC-bound conformation.\
(B) Length of the EH1 helix is crucial for the cell viability. Deletion of four amino acids within the EH1 helix of YidC renders the protein non-functional and causes cell death.\
(C) Microscale thermophoresis analysis of YidC^W334C,\ IANBD^-ND interacting with RNC F~o~c-Δ5. The raw traces (black) describe the efflux of YidC-ND from the high-temperature region, as the total fluorescence intensity decreases upon infrared (IR) illumination. The ratio of the fluorescence intensity after reaching the equilibrium in the temperature gradient (red) and prior IR illumination (blue) described the MST response of YidC-ND (inset) and was used for estimating the binding affinity.\
(D) Emission spectra of EH1-conjugated IANBD upon YidC interactions with RNC F~o~c-Δ5 or non-programmed ribosomes ("70S"). Adding RNCs resulted in the substantial increase of IANBD fluorescence, likely reflecting the dynamics of the EH1 helix.\
(E) Relative changes in the fluorescence intensity of IANBD conjugated to different positions within YidC upon RNC F~o~c-Δ5 binding, as measured at 540 nm (average fluorescence change + SD). Altering the hydrophobicity of the EH1 helix modulates its dynamics upon RNC binding (inset). An additional negative charge at position 334 strongly hinders the helix movement, as reflected by emission of IANBD fluorophore at position 342 measured at 540 nm. See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.](gr6){#fig6}
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